INTRODUCTION
Many metals and their alloys solidify with a dendritic morphology, such as in castings and welds. This dendritic microstructure has a profound effect on the mechanical properties of the material and is therefore important to understand.
In researching this solidification phenomenon, manufacturing processes can be improved to better control the properties of the material being processed.
For over half a century, scientists have investigated and produced theories on dendritic growth. Glicksman and Marsh [1] discuss this research in their 1993 review article, and Bisang and Bilgrim [2] include a detailed review as part of their 1996 article on dendritic growth. These reviews reveal that one primary characteristic of dendritic growth is the growth rate, or the speed of the advancing tip. In 1947, Ivantsov [3] introduced two simplifying assumptions in the theory of thermal dendrites growing in a supercooled melt: (1) that the dendrite could be represented as a shape-preserving paraboloidal interface with a tip radius R; (2) that the tip grew at a constant rate V. In general, the assumption that real dendrites (as opposed to paraboloidal needle crystals) grow at a constant rate is supported by numerous experimental observations of isolated dendrites (see Huang, for example [4] ). In most theoretical studies the velocity is assumed to be constant while experimental and simulation studies attempt to extract a constant velocity as a kinetic parameter.
The Isothermal Dendritic Growth Experiment (IDGE) initially intended to investigate the theory proposed by Ivantsov as well as the selection portion of the theory. Following the assumptions set forth by Ivantsov, an isolated dendrite with a morphology unaffected by convective influences is required. In order to meet these specifications, the IDGE was designed as a space flight experiment, flying on three separate space shuttle flights. Data obtained in the microgravity conditions were analyzed for growth rate and tip radii of curvature.
BACKGROUND
Although the initial purpose of the IDGE was to investigate the growth rate and shape of dendrites proposed by Ivantsov, the use of video analysis has revealed the possibility of further study. Recently, our attention focused on understanding the interactions between a dendrite and its surroundings, and quantifying what is required for a dendrite to grow in a truly "isolated" manner. Unlike the singular dendrite that emerged from the stinger on previous flights flown with succinonitrile (SCN) as the growth material, numerous dendrites simultaneously emerged from the stinger with PVA as the growth material. The results presented here are from the two electronic video cameras, which began capturing the dendritic image as soon as it emerged from the stinger, until the dendrite tip left the field of view. Data obtained from the video shows that the dendritic growth rate is not constant over the time scale of observation. These observations, as well as the multiple nucleated dendrites, captured our attention and initiated our interest in determining the requirements for truly "isolated" dendritic growth. Thermal interactions between a dendrite and Copyright © 1999 by M.E. Glicksman. Published by the American Institute of Aeronautics and Astronautics Inc..with permission. American Institute of Aeronautics and Astronautics neighboring tips, container walls [5] , or even its own initial structure [6] , and trailing side branches [7, 8] are considered to be potential causes of an observed velocity that does not match the velocity predicted for an isolated diffusion-limited dendrite with the thermal boundary conditions set at infinity. If the strength of these thermal interactions changes over time, one would except the velocity of the dendrite to change as well, and one should expect to see deviations from the conventionally prescribed behavior predicted by the Ivantsov-like solution for an isolated dendrite.
EXPERIMENTAL SET-UP
On the final mission, two perpendicular 35 mm film cameras were used to capture images as on previous flights, however two additional video cameras were included to observe the dendrite throughout the growth process. An additional change during this third flight was the use of a quartz growth chamber with inside dimensions of approximately 31 mm square by 50 mm long filled with pivalic acid (PVA). The growth chamber was contained within a temperature controlled bath, and used to grow the dendrites. To facilitate the growth of a dendrite, a hollow stinger tube penetrated the chamber wall. The exterior end of the stinger tube was closed and surrounded by a thermoelectric cooler. The interior end was open, allowing the PVA sample material in the chamber to also fill the stinger. This arrangement allowed the dendrites to be grown under diffusion-limited conditions, with the bath temperature controlled within 0.002 K (spatially and temporally).
A typical cycle began with the entire PVA sample melted and supercooled to the desired temperature. Once the supercooling temperature was achieved and stabilized throughout the sample, the thermoelectric cooler was activated. This nucleated a crystal to grow within the stinger tube, which propagated down into the chamber as a dendrite. Once the dendrite had left the camera's field of view re-melting was initiated and the process repeated in the same fashion as above.
ANALYSIS TECHNIQUE
The data consists of tip positions over time, shown in Figure 1 . Dendrite tip locations were obtained through the use of a sub-pixel interpolation scheme applied during image processing. A multi-phase method is used to determine the tip position with time. The first phase is a line-by-line scan of the image to locate the lowest pixel in the field of view that is darker than a specified threshold value. If more than one pixel is found, then an average is calculated to determine the horizontal coordinate. Once the position of the tip is determined in the first and last video frame of the growth, a vector can be drawn to estimate the tip position in all frames of the growth, provided the frame number and frame rate are incorporated. This estimates the tip position to within ~22 microns (one pixel). Next, all the frames of the growth are used to refine the tip estimate with sub-pixel interpolation. To accomplish this, a "sample line" is overlaid along the predicted vector and the point along the vector where the intensity crosses a selected threshold value is determined. This sample line is several pixels thick causing an averaging effect, so a more precise location is found. A statistically larger number of pixels are incorporated into the refinement and resolution is improved to ~7 microns (1/3 pixel). The final phase of tip location determination is accomplished by the incorporation of still more information (statistically) about the tip. Using the tip location determined so far as a reference point, a box is drawn around the tip. The centroid of the pixel intensities (or weighted average) is calculated within the box. In practice, the coordinates of this centroid exhibit a resolution of approximately 2 microns (~ 1/10 pixel). Note that this approach does not locate the actual tip interface but rather serves to track the tip movement over time.
RESULTS
A representative growth cycle presented here contains approximately 100 seconds of data, obtained from nearly 7000 image frames. The following results were obtained at a supercooling of 0.58 K and are a qualitatively representative sampling of the body of analysis conducted to date.
The plot in Figure 1 is representative of dendrites grown in microgravity. The initial lift off is thought to be from the evolution of the dendrite from its initial nucleus prior to the formation of its own diffusion field. Ivantsov demonstrated theoretically that isotherms arranged as confocial paraboloids satisfy the requirement for constant-velocity growth.
As a dendrite evolves from the initial nucleus, a thermal field requires time to develop around the dendrite. If the tip is not well developed and isolated then the thermal field around the tip will not be fully developed as well. Thus the dendrite should not behave as Ivantsov predicted. Near the last half of the growth, the dendrite appears to be growing at nearly a constant rate, however there is residual curvature.
Therefore, some acceleration American Institute of Aeronautics and Astronautics remains although not as much as within the initial transient. We least-square fitted a constant velocity line to the displacement versus time data from the portion of the growth, after ~30 seconds (for this cycle). This is the range in which the data appears to be more linear. However, we have observed that dendrites grown with a lower supercooling demonstrate a longer initial transient. For example a dendrite grown at 0.47 K has an initial transient of ~60 seconds. Despite the apparent constant velocity behavior, closer examination of the residuals resulting from the linear regression reveals a systematic deviation from steady-state growth ( Figure  2 ). If a dendrite were growing with a truly constant growth rate, the residuals would center around zero, and reflect the uncertainty in the tip measurement.
The graph shows the residuals occur in a nonrandom fashion (over time) and demonstrate a monotonic upward curvature. Another feature that can be resolved from the residual regression is the uncertainty of the measurements. The spread in the residuals is a good measure of the uncertainty resulting from the sub-pixel interpolation measurement of the tip location. Thus thẽ 2µm standard deviation of the residuals is considered to be the limiting resolution of our current image processing and analysis techniques.
The asymptotic behavior of the tip growth rate is characterized by the growth rate exponent κ, and results from considering the displacement data as a power law of the form D ∝ t κ . Constant velocity would demonstrate a linear displacement with κ = 1. This approach accents the variations from, and approach to constant velocity ( κ = 1) behavior. After first smoothing the displacement data using a two-second moving average and then calculating the values of κ; (Figures 3) shows that these USMP-4 PVA dendrites exhibit an increasing velocity even after the middle of the growth, although beyond this point, the rate constant is smaller, and gradually decreases until the end of the growth. The velocities of PVA dendrites closely approach a constant rate. Previous we observed dendrites exhibiting a gradually decreasing acceleration throughout the entire growth [9] . However, after additional analysis, we understand that each growth, depending on it's initial conditions will reflect these differences in the behavior of κ. If the dendrite is surrounded by neighbors and must first break from the surrounding diffusion fields, then the transient will be significant in the beginning of the growth and decrease once the dendrite has broken free of the neighboring influences. If there are no neighbors present in the beginning of the growth the dendrite will grow from the outset with a more uniform velocity.
From our observation of these data the dendrite does not appear to reach a truly steady-state velocity. This behavior is not predicted by present theory and suggests that there is more occurring in the growth process than is currently considered. One example is that within experimental practice, the establishment of strict isothermal conditions at the dendritic interface may be illusory. A possible explanation for non-steady-state growth in the initial phase was previously stated. It was proffered that to develop a steady state field from the initially uniform and isothermal melt takes time on the order of what was observed experimentally (~ 30 to 60 sec). Recent computations from phase-field simulations [10] support the existence of an early time transient in two-dimensional dendritic growth prior to approaching a steady-state growth rate. Another explanation is that during the initial transient, the dendrite is in close proximity to its neighbors. Thus the developing thermal fields may be interacting with one another.
To investigate this effect the IDGE [11] obtained data from microgravity where tip velocities for a large number of dendrites grown at an identical supercooling were compared and plotted as a function of the distance to the nearest neighboring dendrite tip (Figure 4 ). This distance was normalized with respect to the thermal length, which is defined here as the thermal diffusivity of the liquid (7 X 10 4 µm 2 /s) divided by the growth rate. The characteristic diffusion length of the isolated PVA dendrite grown at 0.58 K supercooling (Figure 1) is approximately 619µm.
The thermal lengths are dependent upon the growth rate which we have shown to be non-steady-state, particularly early in the growth cycle.
The neighbor distances in Figure 4 were determined noting that each dendrite grows with a thermal layer a few thermal lengths thick. This is consistent with the observation that dendrites with neighbors closer than three thermal lengths have a systematically smaller growth rate. Dendrites closer than approximately three thermal lengths are believed to have thermal boundary layers which overlap, consequently decreasing the temperature gradient (relative to an isolated dendrite), and thus the growth rate as well. As an equiaxed dendrite begins to grow, the tips are all within close proximity. As the dendrite evolves, and the tips grow further apart, the thermal fields no longer overlap, therefore producing an expected acceleration early in the growth. This is the same phenomenon which occurs when two dendrites grow at close proximity in the same direction. Eventually, one of the dendrites will experience favorable thermal conditions and begin to accelerate away from the slower dendrite. Tracked over time, such an interaction could account for the observed initial transient phase prior to ~30 seconds, in Figure 1 . Once the dendrite tip escapes these conditions it begins to grow as an isolated dendrite, at a near constant velocity. Experimental (and simulated) observations have long shown this transient effect preceding steady-state growth. For example, Almgren, Dai, and Hakim [12] have investigated a similar process in the case of Hele-Shaw flow, and concluded that early in the growth the dendrite tip position advances as t 3/5 under constant flux conditions. However this effect is generally believed to be less relevant to the fundamental kinetics than the later steady-state phase. Nevertheless, as we have shown, the dendrite may never achieve steady-state growth conditions.
Thus the important issue for such investigation is whether the time-dependent state is fundamental to the physics of isothermal dendritic growth, or appears as an artifact of the experiments carried out in finite volumes of supercooled melts.
From Figure 1 we can see that it would be convenient to think of the displacement vs. time as exhibiting two distinct periods. The initial transient and a second more gradually decreasing growth rate exponent to be that beyond ~30 seconds. So far we have only discussed the short range effect of neighboring dendrites (Figure 4) . The data suggests that some long range thermal influences might contribute to the diminishing acceleration seen in the later portion of the growth cycle. However each dendrite was determined to be isolated, where the closest growing neighbor was a minimum of three thermal lengths distance. Therefore, in order for neighbor interactions to provide an explanation for the non-constant growth at the end of the cycle, it would first need to be established that the interactions between two dendrites separated by more than three thermal lengths are still strong enough to cause the measured growth rates.
Another explanation for non-steady-state growth might come from the experimental set-up itself. These dendrites were all grown within a small growth chamber and it has been shown by Pines, Chait, and Zlatkowski [5] that a dendrite may interact with the . Figure 4 . Dendrite velocity vs. distance to nearest neighbor, normalized using the thermal diffusivity α and the nominal growth rate (~55 µm/s) at 0.45 K supercooling, V ∆t . Normalized Neighbor Distance walls of a container as growth proceeds. However, all the growths presented here have small thermal lengths compared to the distance between the dendrite tip and the chamber wall. To further determine this, the closing rate of the dendrite tip to the wall must be compared with that of the measured time variations in the velocity. Taking these considerations into account it is our present belief that this second stage transient effect is also fundamental to isolated dendritic growth. Since dendrites are not truly parabolic bodies of revolution [4, 13] , there is no compelling phenomenological reason that dendrites should grow strictly at a constant rate. A more complete analysis will be performed to explore this hypothesis further.
SUMMARY
The methods of measurements and analysis were developed to evaluate isolated dendritic growth behavior.
From this, PVA dendrites grown in microgravity were found to grow at non-steady state velocities.
Possible explanations include thermal interactions with neighboring dendrites, interactions with the surroundings, or intrinsic characteristics of dendritic growth. Continuing efforts are underway to discriminate among the possibilities.
